Abstract A combined wood impregnation process including impregnation with a
Introduction
The combination of a wood preservative treatment, with subsequent treatment in modified natural oil at elevated temperature was developed some 25 years ago (Häger 1980) . It is usually referred to as the "Royal Process". Only recently there has been increasing interest in this technique from both the scientific and commercial side (Powell 2003) . The focus from governments on the side effect of CCA-(chromium, copper and arsenic) based wood preservatives has induced restrictions concerning the use of chromium and arsenic. The wood preservatives with the widest distribution in Europe are copper-based products. As copper based preservatives have a higher leaching rate (Humar et al. 2005 ) than the traditional CCA, discussion about the use and a better fixation of copper in wooden products arose. Wood preservation by combined processes including wood preservative treatment and subsequent impregnation with an hydrophobic product reduces the leaching of copper in use (Treu et al. 2003) . Treatment with an hydrophobic product is often performed by using hot oil, which serves the purpose of drying the wood after impregnation with a wood preservative from an almost wet state to a wood moisture content of 12-20% and obtaining an hydrophobic surface in order to reduce water uptake and decrease leaching of wood preservatives in later use. In addition, crack development and water uptake during outside exposure can be reduced, and surface properties can be improved by adding pigments to the oil.
The second step of a combined impregnation process can influence the properties of a product gained in the first step of the process. One important factor of process optimisation is to assure a sufficient amount of wood preservative content in wood during the entire process. Depending on the fixation of copper, after the wood preservative treatment, constituents of the wood preservative can be leached into the surrounding oil.
This paper describes the leaching parameters of copper in a combined process with regard to fixation time and process duration. The influence of different copper fixation times on the leaching of copper into oil during a hot oil treatment was evaluated. The amount of copper in oil, wood samples and condensate water was therefore analysed. Furthermore, the influence of different process durations of the hot oil process on the copper leaching was investigated. This study evaluates the influence of a second step in a wood protection process which is industrially used and answers the question whether this step is disadvantageous for the first impregnation step or not.
Materials and methods
The combined impregnation process (CIP) includes a twostep process. The first step is a simplified impregnation procedure ("Lowry process") with a copper-based chromiumfree wood preservative (CFWP). The chromium free wood preservative (CFWP) used was a 4% copper/copper-HDO solution with 13.04% copper (copper hydroxide carbonate), 2.80% Cu-HDO (bis-(N -cyclohexyl diazeniumdioxy) copper), and 4.0% boric acid. The process parameters for this step are a 1 hour pressure phase (0.9-1.2 MPa) and a 20 min vacuum (0.01 MPa) at the end of the process. This process was chosen in order to yield good penetration throughout the tissue and a preservative coating on the lumen-side cell wall surface, while leaving the cell lumina empty. The solution uptake is generally significantly lower compared to a usual full cell process.
In the second step of the CIP, conducted in another vessel, the wood samples are treated with hot modified oil (Mod.-L.) in a vacuum (80°C, 0.01 MPa). The oil is based on a linseed oil, is of brown-yellow colour and hardens within some days. The oil becomes unclear when mixed with water, which happens when several combined treatments with wet wood are performed. Heating up the oil over the boiling point of water for several hours helps to remove the water.
Two tests were performed; one in a small lab-scale plant (Test A) and one in a larger dimensioned pilot plant (Test B).
2.1 Test A CFWP-impregnated Scots pine (Pinus sylvestris) samples with dimensions of 25 × 115 × 100 mm 3 were end-sealed with Tivosan TR 6030 (Sika Tivoli GmbH) and treated for eight hours in a small impregnation device (capacity 7.5 litres) ( Table 1 ). The impregnation device was build for this research in order to simulate principle process parameters with small wood samples. A glass container was connected to a vacuum pump via a cooling trap where water condensates can be collected in a storage device. Samples were stored at room temperature for fixation. The relation between the amount of oil and the unsealed wood surface was 1.73 ml/cm 2 . The fixation time of wood preservative was 1, 24, 48, and 120 hours at 20°C and 65% rel. humidity prior to the oil treatment. CFWP-treated control samples had a fixation time of several weeks. The impregnation was performed on Scots pine sapwood samples and with samples that included heartwood and had 40-70% sapwood. Five sample iterations were used. The average uptake (Stdv) of wood preservative was 13.3 (1.5) kg/m 3 for sapwood and 9.5 (2.6) kg/m 3 for samples with 40-70% sapwood (Table 2) .
After treatment, the samples were ground in a DIETZmill to chips of 1-2 mm, digested according to AWPA A7-93 (1993) and analysed for their copper content using Flame Atomic Absorption Spectrometry (FAAS) according to DIN 38406-7 (1991) . CFWP-treated samples which were stored for fixation at room temperature for several days and which were not undergoing a hot oil treatment were used as controls. Furthermore, the oil and condensate water were analysed for copper content after treatment. FAAS was used for the analysis of copper in oil and condensate.
The condensate water is a result of the drying process in hot oil under vacuum where water is evaporating out of the wood samples.
Test B
CFWP-impregnated and end-sealed Scots pine samples with dimensions of 25 × 115 × 800 mm 3 and with an average sapwood content of 20% were treated for 2, 5, and 8 hours in hot oil at 80°C after a fixation time of 24 hours at room temperature (Table 1 ). The average uptake (Stdv) of wood preservative was 8.4 (3.9) kg/m 3 .
Ten treatments, each with eight wood samples and 70 litre of oil, were performed per process time. The relation between the amount of oil and the unsealed wood surface was 3.91 ml/cm 2 (Table 2) . Overall, 80 samples per process time were oil-treated. After the 1st, 10th, 20th, and 30th oil treatment 1 litre of oil was removed and analysed for its copper content as described above.
The analysed copper content in oil was related to the initial copper content of the wood specimens after impregna-tion with the wood preservative. The degree of fixation was calculated according to (1). Furthermore, a fixation index was calculated, taking the maximum fixation degree into account, see (2) (Schoknecht et al. 2003) . 
where: FI = Fixation index; FD t = mean fixation degree at time t; FD max = maximum fixation degree. The copper content of treated wood samples was not analysed in test B. Nor was the copper content in the condensate water due to an uncertain amount of copper that could be leached out of the material of tubes and condensator.
Results

Test A
Analysing the copper content of wood samples from test A consisting only of sapwood after different fixation times of CFWP showed that the mean of CFWP control had a significant statistical difference to the 5 days fixation when Tukey-Kramer test and one-way ANOVA analysis is performed (see Fig. 1 ). Therefore, there is no strong statistical evidence to conclude that the fixation time significantly influences the copper content when different fixation times are compared. No significant statistical difference could be seen from the analysis data of copper content from wood samples including heartwood (40-70% sapwood). The copper content for all different fixation times was around 1.75 g Cu/kg dry wood for the wood samples including heartwood and around 3 g Cu/kg dry wood for the wood samples consisting only of sapwood.
The copper content of oil samples decreases with increased fixation time. The copper content of oil samples after the treatment of wood samples with a sapwood area of 40-70% is low after one hour fixation time (Table 3) . Already a fixation time of 24 hours strongly reduces the copper content in oil.
A higher copper content in oil was observed after treatment of impregnated sapwood samples not only due to the high amount of copper in sapwood samples, but also due to the increasing crack formation of the samples during the oil process which leads to a deeper oil penetration and thus to a higher leaching of copper. Cracks developed only on some sapwood samples but not on samples that included heartwood.
The copper content of the condensate water that was vaporising out of the samples during the oil process in the lab scale plant of test A and collected in condensate reservoir, is low and even not detectable for the condensate of samples which have 40-70% sapwood content. The condensate water of sapwood samples leached in oil that were CFWPtreated with a fixation time of 1 hour contained less copper than 0.013 g/l condensate or 50 mg/m 2 wood. Calculations showed a high fixation degree (FD) of CFWP-treated Scots pine samples (containing heartwood) after 24 hours. A FD above 90% was calculated for pure sapwood samples even after no prefixation of CFWP (see Fig. 2 ).
The results of the amount of copper after different fixation times as well as the analysis of copper in oil and in condensate water gave an indication for the fixation time used later for trials in the pilot plant (test B).
Test B
Trials with bigger samples (25 × 115 × 800 mm 3 ) performed in a pilot plant still display a low amount of copper in oil after different treatment durations (Table 4) . Increasing process duration displays no increase in copper leaching. In contrast, longer treatments (five and eight hours, respec- Table 3 Copper content analysed in oil gathered after 8 hours of oil treatment of Scots pine wood samples (test A) with different fixation times of CFWP; % and g/l indicates the copper content in oil and mg/m 2 indicates the copper content in oil related to the surface of the treated samples, 0.0025% copper was detected in fresh oil tively) result in lower copper leaching per treatment compared to a two-hour treatment.
In view of the copper leaching values in oil after 24-hour fixation of the samples in test A, the copper leaching values in test B are comparable if it is considered that the average values of test B are determined after ten treatments.
5-and 8-hour treatment result in a fixation degree above 98% and the 2-hour treatment slightly below 98% (see Fig. 2 ).
Discussion
Trials in the lab scale plant proved that the impregnated wood samples do not leach a significant amount of copper during the oil treatment after different fixation times. The amount of copper which was analysed in ground samples of test A (Fig. 1) is comparable to the results gained for boards with comparable sapwood content (Scheffler 2002) . The copper content of oil samples is maximum four times higher (test A, 100% sapwood samples) than that measured in fresh oil. For those oil samples gathered after the treatment of Scots pine wood samples containing 40-70% sapwood (test A), the copper content slightly increases after one hour fixation of the wood preservative compared to the amount of copper in recent oil. A prolonged fixation time of wood preservative in wood samples with low amount of sapwood showed a negligible amount of copper.
The copper content of water condensate of both tests A and B is even lower and undetectable in some cases in water samples gathered after the impregnation with samples including heartwood. Heartwood is nearly always present in practical dimensions of wood products and was therefore included in the test. Even though it was unlikely to find a high amount of copper in the condensate water, it was necessary to include the condensate water in order to make up the balance.
A suitable test procedure to estimate the fixation time of wood preservatives and impregnation procedures is described by Schoknecht et al. (2003) . Copper and Cu-HDO from CFWP, as well as copper and chromium from a preservative containing copper, chromium, and boron (CCB), show a high degree of fixation tested in different impregnation procedures. CFWP-wood preservative therefore requires two days until the fixation index (FI) is larger than 95. It is reported that Cu-HDO is fixed by approximately 75% after 24 hours (Göttsche and Marx 1989) . Reference values of 5-10% for copper leaching and 20-30% copper-HDO leaching from treated wood were also given (Marutzky 1991) .
If the fixation index is calculated for the sapwood samples of test A in relation to a maximum fixation after 120 hours, which showed a fixation degree of 98%, an index of 90.4, 92.4, and 93.9 can be calculated for one hour, 24 hours, and 48 hours fixation, respectively.
It should be mentioned that an 8-hour oil process is harsh for this kind of wood dimension consisting only of sapwood. Several cracks occur during the oil process, which increase the penetration depth and the uptake of oil in the wood sample. This crack development could only be seen at small-dimensioned sapwood samples and does not occur on samples used in other tests or in industrial applications. Due to this deeper oil penetration and the easier accessibility of the wood sample for oil, higher leaching of copper was assumed. Increased FD index values can be calculated for the samples, which contained heartwood and sapwood. The FD after 120 hours of fixation was 99.5%. In relation to this maximum FD after 120 hours, the FI is calculated and showed 95.6, 99.2 and 99.4 for one hour, 24 hours, and 48 hours, respectively.
Even though the fixation degree is >90% after no fixation, the gradient of the FD is changing faster with time in the first 24 hours than after 24 hours.
After a higher number of oil treatments had been performed in the pilot plant (test B), the oil was analysed and compared to the potential amount of leachable copper. The calculation implies that 19 g of CFWD can be fixed theoretically per sample (0.0023 m 3 ) if an average uptake of 8.4 kg/m 3 is assumed. The copper content in oil is therefore marginal. If the degree of fixation is calculated, it can be stated that 77.1% were fixed following a two-hour process. A degree of fixation after a five-hour treatment of 87.2% and 84% was calculated. These results display a lower copper leaching in oil than those gained in different water leaching tests after different fixation times . The total amount of copper leached during different laboratory tests for the most commonly-used ageing methods in Europe (EN 84:1997) , the United States (AWPA E11) and Japan (JIS K1571) ranged from 6.3 to 16.1%.
It is assumed that the hot oil treatment improves the fixation of CFWP. The fixation of CFWP at 20°C is reported to cause accelerated fixation and higher degrees of fixation compared to fixation at 5°C, whereas the fixation of Cu-HDO from a Cx-product was similar at 5°C and 20°C (Schoknecht et al. 2003) . Ung and Cooper (2005) found increased fixation rates of different ACQ-treated wood species when conditioned at 50°C instead of 22°C.
The copper in CCA-treated slash pine (Pinus eliiottii) is reported to achieve a 98% fixation (Jiang et al. 2003) . For red pine (Pinus spinosa), a leaching of copper from CCA of 4 to 9% is observed (Stevanovic-Janezic et al. 2001) .
With an average uptake of CFWP of 8.4 kg/m 3 , the amount of copper that can be leached out during one oil process averages 0.287 g/l. After 30 oil treatments a maximum copper amount of 8.61 g/l could be obtained if all copper constituents would have leached out. Following a total of 30 oil treatments on 240 wood samples (0.552 m 3 ) 0.149 g/l is leached out effectively.
An increased process time does not lead to more copper leaching of the wood samples during the hot oil process (Scheffler 2002) . This corresponds to the gained results in the pilot plant (test B). Longer processes lead to a higher drying effect and a greater amount of water is boiling out of the wood samples, which is cooled and collected in the condensate reservoir. It is assumed that a greater amount of process related copper could be detected in the condensate after five and eight hours than after two hours. Increasing the oil process time increases the drying of wood and more water is either collected in the condensator or still mixed with the oil. The water in the oil-water mixture can be released by heating up the oil under vacuum without wood over the vapour pressure of water.
Conclusion
The fixation time of the CFWP process is desired to be as short as possible, and the subsequent oil process should not have a negative influence on the fixation and should only leach out wood preservative to a limited amount.
It can be concluded from these tests that increased process time of the oil treatment does not lead to a higher amount of copper leaching from the wood samples during the process.
Also it can be concluded, that the hot oil treatment favours the fixation rate of copper and that CFWP is sufficiently fixed since leaching of copper in oil during the oil process is negligible after 24 hours of fixation of CFWP. Even a shorter fixation time results in a high fixation degree (>90%), but the changing of the FD within the first 24 hours would favour 24 hours of fixation as minimum.
The CIP assures an adequate amount of CFWP in impregnated wood samples. Nevertheless, a certain amount of copper is leached into the oil during the hot oil process. However, the small amount of copper in oil is recirculated and does not leave the process.
The hot oil treatment of impregnated wood under vacuum atmosphere is a fast drying method without major negative consequences for the copper-impregnated product.
The combination of a wood preservative treatment with hot oil treatment leads to a strongly reduced copper leaching of wood products in service. Further improved wood properties given by this combined process are reduced crack development and reduced water uptake during exposure to weathering. Additionally, pigments can be added to the oil, which give various esthetical options and reduce discolouration of the surface.
